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Abstract

The development of a ground based direct detection Doppler lidar based on the recently

described aerosol double edge technique is reported. A pulsed, injection seeded Nd:YAG laser

operating at 1064 nm is used to make range resolved measurements of atmospheric winds in the

free troposphere. The wind measurements are determined by measuring the Doppler shift of the

laser signal backscattered from atmospheric aerosols. The lidar instrument and double edge

method are described and initial tropospheric wind profile measurements are presented. Wind

profiles are reported for both day and night operation. The measurements extend to altitudes as

high as 14 km and are compared to rawinsonde wind profile data from Dulles airport in Virginia.

Vertical resolution of the lidar measurements is 330 m and the rms precision of the

measurements is a low as 0.6 m/s.
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1. Introduction

We have developed a ground based direct detection Doppler lidar capable of profiling winds in

the free troposphere. The ground based lidar operates at 1064 nm, the fundamental wavelength

of the Nd:YAG laser, and measures the Doppler shifted frequency of the laser signal

backscattered by atmospheric aerosols. This experiment is a proof of principle demonstration of

the recently reported double edge technique 1 for Doppler lidar wind measurement.

Research has established the importance of global tropospheric wind measurements for large

scale improvements in numerical weather prediction 2. In addition, global wind measurements

provide data that are fundamental to the understanding and prediction of global climate change.

These tasks are closely linked with the objectives of the NASA Earth Science Enterprise and

Global Climate Change programs. NASA Goddard has been actively involved in the

development of direct detection Doppler lidar methods and technologies to meet the wind

observing needs of the atmospheric science community. A variety of direct detection Doppler

wind lidar measurements have recently been reported indicating the growing interest in this area

3,4,5,6

Our program at Goddard has concentrated on the development of direct detection Doppler lidar

systems based on the edge technique for atmospheric wind measurements 5. Implementations of

the edge technique using either the aerosol 1"4or molecular 5'6"7backscatter for the Doppler wind

measurement have been described. The basic principles of the aerosol implementation have been
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verified in laboratory s and atmospheric lidar wind experxments • The aerosol wind lidar

measurements were obtained with a lidar operating at 1064 nm. These measurements

demonstrated high spatial resolution (22 m) and high velocity sensitivity (rms variances of 0.1

m/s) in the planetary boundary layer (PBL). The aerosol backscatter is typically high in the PBL

and the effects of the thermally broadened molecular backscatter can often be neglected.

However, as was discussed in the original paper 5, the molecular contribution to the signal is

significant above the boundary layer and a correction for the effects of molecular backscatter is

required to make wind measurements. In addition, since the energy monitor channel used for

normalization in the single edge technique measures the unfiltered sum of the aerosol and

molecular signals the molecular signal can be a dominant source of shot noise in regions where

the molecular to aerosol backscatter ratio is large.

To extend the operation of the aerosol edge technique into the free troposphere we have

developed a variation of the edge technique called the double edge technique. The double edge

technique has many of the same basic characteristics as the edge technique but with new

capabilities particularly suited for measurement of winds in the free troposphere. In this paper a

laboratory based aerosol double edge lidar is described and the first measurements of wind

profiles in the free troposphere obtained with this lidar are presented.

2. Double Edge Technique

The details of the double edge aerosol method have been recently reported _. A brief summary is



includedherealongwith adescriptionof the lidar instrumentanddataacquisitionandanalysis

procedures.

Thedoubleedgetechniqueusestwo highspectralresolutionoptical filters in themeasurementof

theDopplershift. Thebasicprinciple is illustratedin Figure1. Thefilter bandpasseshave

similar spectralcharacteristicsandareseparatedin frequencyspacesothattheir spectraledges

overlapat their respectivehalf width half maximum(HWHM) points. Thefilter edgeshave

oppositeslopesandarepositionedsymmetricallyaboutthetransmittedlaserfrequency.The

transmittedlaserfrequencyis locatedat approximatelytheHWHM of eachfilter. A frequency

shift will produceapositivechangein transmittedsignalfor oneedgefilter, with respectto its

initial position. For thesecondfilter with thesamepropertiesthecorrespondingsignalchangeis

oppositein signandapproximatelyequalin magnitude.

Thebackscatteredaerosolspectrumretainsthenarrowwidth andshapeof thetransmittedlaser

pulse,approximately40MHz full width half maximum,thatis narrowrelativeto thespectral

width of theedgeetalonfilters. As notedabove,whenthenarrowaerosolsignalis locatedon the

edgeof theetalontransmissionfunction,largechangesin filter transmissionareobservedfor

smallfrequencyshifts. In contrast,themolecularbackscatteredsignalis broadenedby the

randomthermalmotion of themolecules.At a wavelengthof 1064nm,thewidth (FWHM) of

themolecularbackscatterspectrumis approximately1200MHz (T=260K) that is about10times

theFWHM of theedgefilter etalons.As aresult,thebroadmolecularsignalmeasuredthrough

theetalonsappearsasaslowly varyingbackgroundandis relativelyinsensitiveto small
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frequencyshifts. In addition,sincetheedgefilter etalonsarenarrowrelativeto themolecular

spectrum,only a fraction (_10%) of the molecular background signals reaches the detectors.

Bandpassing the molecular signal significantly reduces the effects on the wind measurement both

as a bias and as a source of shot noise.

The double edge algorithm includes a method to separate the fraction of the total signal due to

the residual molecular background. Once that fraction is determined it can be subtracted from

the measured signal leaving only the narrowband aerosol component. An energy monitor

channel is used to provide the additional information required to determine the magnitude of the

molecular correction. The energy monitor signal is proportional to the sum of the incident

aerosol and molecular signal. This information can be used in combination with the edge

channel measurements to separate the molecular and aerosol components of the atmospheric

backscatter signal.

In Reference 1 we presented a detailed development of a procedure to utilize the two edge

channel detector signals, I_ and I2, in conjunction with the energy monitor detector signal, IEM" to

determine the wind. An iterative procedure was presented that uses the measured signals to

1) determine the magnitude of the molecular contribution to the signal,

2) correct the measured signal for this molecular background leaving only the aerosol

related component of the signal and

3) use the ratio of the corrected aerosol signals to determine the wind.
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Theiterativeapplicationof theabovethreestepsis shownto accuratelyprovideaunique

solutionfor theDopplershift usingtheaerosolbackscatterevenin regionsof the atmosphere

wherethemolecularbackscatteris 10timestheaerosolbackscatter.

In additionto thethreemeasuredsignals,theprocedurerequiresaknowledgeof the etalonfilter

transmissionfunctionsandexperimentallydeterminedcalibrationtermsthatincorporate

spectrallyindependentoptical andelectronicinstrumentinformation.

3. Experimental Description

The experimental details of the double edge lidar system are similar to the system used for the

single edge measurements s. The lidar optical system is shown schematically in Figure 2. The

experimental operating parameters are summarized in Table 1. The transmitter is a flashlamp

pumped injection seeded Nd:YAG laser that produces 120 mJ pulses at 10 Hz at 1064 nm. The

laser pulse length is 15 ns and the spectral width is 40 MHz. A small fraction of the outgoing

laser energy is picked off and input into the receiver optical train to be used as a reference to

provide the zero Doppler frequency in the wind measurement. The reference measurement is

made for each shot and is also used to servo lock the etalon to the laser frequency in order to

minimize the effects of frequency drifts of either the laser or the etalon. The remaining laser

energy is transmitted coaxially with the telescope to a scan mirror that can be rotated in azimuth

and elevation to direct the beam to different parts of the sky. The telescope and scan mirror have

clear apertures of 40 cm. The atmospheric backscattered laser energy collected by the telescope
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is focusedintomultimodefiber opticandtransferredto thereceiveroptics.

The receiver optics are a breadboard version of the double edge receiver utilizing various optical

elements (collimating optics, beamsplitters, lenses, etc) available in our laboratory. Our primary

interest in developing this breadboard version was to test two new technologies that are

incorporated in the double edge system, namely the dual aperture Fabry Perot etalon edge filter

and the photon counting Geiger mode avalanche photodiode detectors (APDs). The breadboard

optical system is not optimized for optical throughput nor are the signal levels balanced and

optimized for peak signal-to-noise. However, the principle features of the double edge receiver

are incorporated and the performance, while not optimum, is representative of the measurement

capability. An optimized receiver design has been developed that will correct for these

deficiencies.

The output of the fiber is collimated and a fraction of the collimated light is split off with a 20%

reflecting beamsplitter and sent to the energy monitor detector. The beamsplitter is oriented at 10

degrees incidence angle to minimize sensitivity to polarization state. The transmitted signal is

split again between the two edge channels with a second beamsplitter that is also oriented at 10

degress incidence. The resulting two beams propagate in parallel through the dual aperture Fabry

Perot etalon edge filter. The etalon is a plane parallel Fabry Perot with an air gap of 5 cm giving

a free spectral range of 3 GHz. The etalon is capacitively stabilized _0and piezo-electrically

tunable to allow precise control of the etalon gap and plate parallelism. A small silica 'step' has

been deposited over one half of the surface of one of the etalon plates prior to deposition of the



reflectivecoating. This stepintroducesanoffsetin the etalonbandpassfrequencyequalto one

fringe FWHM for thathalf of the etalon aperture. This produces the double edge configuration

described above with the two edge filter bandpasses built into a single optical-mechanical

structure. This design is conceptually similar to that employed by Chanin et al 3. The filter

bandwidth (FWHM) for each etalon is approximately 125 MHz including the effects of aperture

broadening and laser linewidth. By design this is also the nominal separation between the center

frequencies of the two filter bandpasses produced by the step. The frequency response functions

for the two channels thus cross at their half maximum transmission points. The outgoing laser

frequency is maintained at the crossover point using the outgoing laser frequency reference

measurement as an input to an active stabilization loop. If the laser or etalon frequency drifts

with time, the servo adjusts the etalon gap using the piezoelectric tuning elements to offset the

drift. This servo loop compensates for long term frequency drift in the laser or etalon. This

approach is relatively simple and has been successfully implemented in our previous systems 7.s

The reference data can also used to remove pulse-to-pulse frequency jitter in the Doppler shift

measurement.

The light transmitted by the etalon in each of the two channels is incident on a beamsplitter that

splits the signal in each channel between a silicon APD operating in analog mode and a silicon

APD operating in Geiger or photon counting mode _. The use of Geiger mode APDs are a

second major modification to the previous receiver design. The single photon detection

sensitivity allows the measurement to be extended to the free troposphere where the return

signals are small. The analog detectors are used for the reference sample of the outgoing laser
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pulsesignalfor eachshot. Theanalogsignalcouldalsousedfor wind measurementsin the

boundarylayerwheretheaerosolsignalreturnsarelargeashasbeenpreviouslydemonstrated8

Theanalogsignalsaresampledwith highspeeddigitizersandthedataarestoredfor eachshot.

Thephotoncountingsignalsaresortedinto rangebins in a multichannelscalarandintegratedfor

aselectablenumberof shotsprior to storage.Typical integrationtimesare10seconds(100

shots)to 100seconds(1000shots).

Thebackscatteredsignalfrom thephotoncountingAPDsin theeachof thethreechannelsis

shownasafunctionof altitudefor atypical profile in Figure3. Thesedatawereobtainedwith

the lidar pointingvertically for a 1000shotintegration. Thedetectorsaregatedoff for thefirst

12_sec(equivalentto 1.8kin) following thelaserfiring to avoidsaturationof thedetectors.The

detectedphotocountsarecollectedin temporalbinsof 3 p.seclength(equivalentto 450 m range

resolution).Thebackgroundhasbeensubtractedin eachof thechannelsanda deadtime

correctionhasbeenappliedusingcalibrationdatasuppliedby the manufacturer.

4. Calibration

Accurate instrument calibration information is required to perform the Doppler shift

measurement. The calibration procedure used to determine this information is similar to that

described previously in the single edge experiments 7"8. The two etalon filter bandpasses are

scanned simultaneously by stepping the etalon piezoelectric elements through approximately one

half of the 3 GHz free spectral range. The detector signals for the two edge channels and the
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energymonitorchannelarerecordedat eachetalonpositionalongwith theetalonposition

information.Theresponsivityof theanalogandphotoncountingdetectorsvariesby several

ordersof magnitude.This leadsto alargedisparityin theoptimumsignallevel to beusedfor the

differentdetectortypes. Forbestresultsthecalibrationprocedureis performedseparatelyfor the

analogandphotoncountingdetectors.

For anincidentlaserintensityI0into thereceiverthesignalmeasuredin thefirst edgechannelis

I_(v) = C_Ior_(v) (1)

where "r_(v) is the unity' peak normalized transmission function of etalon edge filter 1 and cl is a

constant that is a function of the beamsplitter ratios, optical efficiency and detector responsivity

of channel 1. Similarly the detected signal in edge filter channel 2 is

12(V ) = C2Ior2(V ) (2)

where x2(v) is the unity peak normalized transmission function ofetalon edge filter 2 and c, is a

constant that is a function of the beamsplitter ratios, optical efficiency and detector responsivity

of channel 2. Finally the detected signal in the energy monitor channel is given by

I EM = C3I o (3)

where c3 is a constant that is a function of the beamsplitter ratios, optical efficiency and detector

responsivity of the energy monitor channel.

The normalized transmission, Isx, of the two etalon channels is obtained by taking the ratio of the

each of the two edge detector signals with the energy monitor detector signal giving
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IN1(V)_ It(V) _ Cl Vl(V)
I e.,,l C3

(4)

and

Isz(V) I2(v) 6' 2- - --r2(v)
IE,_t c3

Redefining the constant terms C1=c]c3 and C2=cJc3 and solving equations (4) and (5) for the

peak normalized transmission "_yields,

IN,(V)
rl(v ) -

C1

(5)

(6)

and

Ix2(v)
r,(v) -

C2
(7)

We note that due to differences in beamsplitters, detector responsivities and optical efficiencies

there may be different values of C1 and C_ for the analog and photon counting detection in each

of the channels. However. the resulting etalon transmission curves should be independent of

these terms that allows reference information from the analog channels to be used in the analysis

of the photon counting data.

A calibration scan of the etalon transmission in each of the two channels is shown for the photon

counting detectors in Figure 4. A nonlinear least squares fit of the data is also shown. A

calibration scan such as this provides knowledge of the etalon transmission and spectral slope of

the filter spectral bandpasses as well as the channel dependent calibration constants Ci and C2.
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A final stepin thecalibrationis to usethemeasureddatato generatea functionbasedon theratio

z_(v)/x2(v)thatcanbeusedin theDopplershift measurement.Thenaturallog of the ratioof the

measuredetalontransmissioncurvesshownin Figure4 is plottedin Figure5. It canbeseenthat

in theregionbetweentheetalonpeaksthecurveis singlevaluedi.e. eachvalueof transmission

ratiohasauniquecorrespondingfrequency.This curveis parameterizedwith acubic splineand

usedin thedataanalysisprocedureto evaluatetheDopplershift aswill bedescribedin the

following section.

5. Data Analysis

The data collected in the three photon counting channels are averaged and stored as a function of

range for a pre-selected number of shots. The stored data are analyzed to produce line-of-sight

wind profiles following the procedure outlined previously in Section 2. Finally, multiple line-

of-sight profiles taken at different scan angles can be combined to produce true horizontal wind

speed and direction information.

The first step in the analysis is to take the measured photocounts in each of the channels and

apply a deadtime correction that is determined from data supplied by the manufacturer. A

baseline for the background counts, determined from data collected just prior to the firing of the

laser Q-switch, is then subtracted from the three channels.
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Thesignalincidenton the edge channel detectors includes contributions from the aerosol

backscattered laser signal, the molecular backscattered laser signal and background contributions

from internal detector noise and solar background. Following the notation of Reference l, the

signal measured on the nth (n = 1 or 2) edge detector channel can be written as

I,, = c,,[I 4r,,(v,, + Av) + Rrf,,(v,, + Av) + Bop , ] + Belec
(8)

where c. is the optical calibration constant associated with the nth detector channel; I A is the total

aerosol backscattered signal; v,,+Av is the Doppler shifted frequency relative the center frequency

of the nth filter: x, is the transmission of the nth edge filter for the aerosol signal, i.e. the unity

peak normalized convolution of the laser spectrum and the filter function of the nth edge filter;

RT is the total molecular backscattered signal; f, is the transmission of the nth edge filter for the

molecular signal i.e. the convolution of the molecular backscattered spectrum, the laser spectrum

and the filter function of the nth edge filter; Bop' is the optical (e.g. solar) background transmitted

by the nth edge filter and B,,oc represents the electrical background current associated with the nth

channel detector and accompanying electronics. The background terms c,Bop, and Be,ecare

assumed to be slowly varying and spectrally flat in the measurement region. Thus they are seen

as nearly constant offset terms on each of the detectors. These values can be measured when the

laser signal is not present and an appropriate background correction determined for each detector.

The two background corrected edge channel signals can be written in the form
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It = Cl[C3IArl(vl + Av) + c3Rrfl(vi + Av)] (9)

and

12 = C2[C3IAr2(-v2 + AV) + C3RTf2(-V2 + AV)] (10)

where we note that the definitions of the measured calibration constants C_=c]c3 and C_=cJc3 are

used.

The background corrected energy monitor signal can be written as

IEM = C3(I A + R r)
(11)

Solving Eq. 11 for the total molecular backscattered signal gives

c3R r = IE._t - c3I a
(12)

Equations (9), (10) and (11 ) may be used to determine the aerosol contribution cdA, in terms of

the measured signals, measured calibration constants and etalon transmission functions (see

derivation of Eq. 12 in Ref 1).

C3[ A -:-

I 1 l,
---- + .... C * I _:.tI
CI C2 (13)

+ Av)+ r2(-v2 +Av)-c*

where z_(v_+Av) and z2(v_,-Av) are the etalon transmission values for the two respective edge

channels evaluated at the Doppler shifted laser frequency and

c* = f (v, + Av) + f (-v2 + Av)

Equations 12 and 13 represent the molecular and aerosol components of the incoming signal that

are used in the first two steps of the iterative process: determination of the molecular contribution

and subsequent application of the correction for the molecular background to Eqs. 9 and 10.

Following the subtraction of the molecular terms, c3RTfn(V+AV), and taking the ratio of the
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correctedsignalsIloandI2cgives

CzI, c _ r,(v, + Av) (14)

Ciiz c rz(-v 2 + Av)

Taking the natural log of this ratio and inputing it into the cubic spline function determined in the

calibration procedure gives the value of the Doppler shifted frequency.

We note that _, % and c* are all functions of the Doppler shift. Initial values for these

quantities are calculated assuming Av =0- These zero Doppler values are used to determine an

initial molecular correction. A Doppler shift is then determined from Eq. 14 using the molecular

corrected aerosol signals and new values for _,, z, and c* are calculated. The process is repeated

to convergence. Typically one or two iterations of the three step procedure are required for

convergence.

6. Lidar Observations

The ground based wind lidar was operated from our laboratory at Goddard Space Flight Center

in June. Wind data were
_' N(38:59:._2 , 76:51 10W) during the summer of 1997 beginning

collected in a variety of conditions including operation in day and night. Vector wind data are

obtained by rotating the scan mirror to measure line-of-sight wind profiles for at least two

azimuth angles. In the examples presented here the scan mirror is programmed to cycle between

a vertical profile and two profiles taken at orthogonal azimuth angles for an elevation angle of 45

degrees. Profiles of the line-of-sight component of the wind are calculated for each of the
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directionsusingthedoubleedgeanalysisprocedure.Horizontalwind speedanddirectionare

thencalculatedfrom thetwo 45degreeelevationline-of-sightprofiles.

Figure6 showsavectorplot of horizontalwind speedanddirectionfor 8 lidar profilestaken

beginningat 19:02EDT onJune27, 1997. In this examplethelidar datafrom thephoton

countingdetectorsareintegratedfor 1000lasershotsand450 m rangebinsgiving a vertical

resolutionof 320m. Thetotal timebetweeneachindependentlidar profile for thiscase,

includingtransittime for thescanmirror mechanism,is approximately6 minutes. For

comparison,theNWS rawinsondewind datatakenat 19:00EDT at Dullesairport(38:57:00N,

77:26:20W)in Virginia, approximately40km away,arealsoshown.

An estimateof the instrumentalprecisioncanbeobtainedby averagingindependentlidar profiles

to get themeanandstandarddeviationof thewind speedanddirectionvs.altitude. Figure7

showsthemeanandstandarddeviationof thehorizontalwind speedanddirectionobtainedby

averagingthe8 independentlidar profilesshownin Figure6. Onceagainthe 19:00EDT Dulles

rawinsondeupperair soundingis shownfor comparison.The 1cystandarddeviationof the lidar

speedaveragedoveraltitudesfrom 3to 7.5km is 1.5m/swith aminimumvalueof 0.61m/s.

Thestandarddeviationincludesvariancedueto atmosphericvariability during the48min

observationtime in additionto thevariancedueto instrumentaleffects. As shown,the lidar data

arein goodagreementwith therawinsondedata.

A similar plot is shownFigure8for lidarwind datatakenin theafternoonof June26, 1997
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beginningat 12:56EDT. Themeanandstandarddeviationof sevenprofilesof wind speedand

directiontakenoveraperiodof 42 minutesis shown.In this casethelidar wasoperatedduring

daytimeandatmosphericconditionsallowmeasurementsto analtitudeof 11km. TheDulles

rawinsondefrom 7:00EDT is shownfor comparison.Onceagaingoodagreementisobserved

betweenthelidar andrawinsondedata•

7. Summary

A ground based direct detection Doppler lidar system using the double edge aerosol technique

has been developed. The experimental design is presented along with a summary of the

calibration and data analysis procedure used. The lidar has been used to obtain profiles of wind

speed and direction in the free troposphere to altitudes as high as 12 km under a variety of

conditions including both day and night time operation. The measurements demonstrate the

ability of this approach to measure wind in the free troposphere where the molecular contribution

to the backscattered signal is significant.

•This experiment serves as a proof of principle demonstration of the aerosol double edge method.

In addition, several new technologies have been incorporated that allow the range of the system

to be extended into the free troposphere. These include the dual aperture capacitively stabilized

Fabry Perot etalon used for the two edge filters and the single photon counting silicon APD's

that allow greatly improved detection sensitivity. Many of the components from the lidar system

described here will be mounted in a mobile van based Doppler lidar system to be completed in
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the springof 2000. Thecapabilityof this systemto operatein thefield underawidevarietyof

conditionswill allowamorecompletevalidationof thedoubleedgemeasurementtechniqueand

relatedtechnologies.
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Transmitter

Wavelength (nm):

Repetition rate (Hz) :

Energy per pulse (J) :

Pulse duration (ns) :

Divergence full angle (rad) :

Laser bandwidth (MHz) :

1064

10

0.12

15

1.5xl 0.3

40

Receiver

Telescope diameter (m) :

Field of view (rad) :

Interference filter bandwidth (nm):

APD quantum efficiency :

0.406

2x 104

5

0.40 (analog mode)

0.035 (Geiger mode)

Fabrv-Perot interferometer

Spectral width FWHM (MHz) : 125

Free Spectral Range (GHz) : 3

Clear Aperture (mm) : 45 (x2)

Acceptance angle (rad) • 1.5x 10 .3

Table 1 - Instrument parameters for double edge lidar experiment.
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